ABSTRACT: To study patterns of spatio-temporal variation of both leaf breakdown and interactions between leaf-associated detritivores and fungi, we mapped the variation of the mass loss rate of Phragmites australis in a brackish Mediterranean lake. We carried out the study at 20 sampling points randomly chosen on a 400 m 2 grid on the bottom of Lake Alimini, using litterbags which contained reed leaves. The mass loss from litterbags after 30 d, leaf-colonizing animals, and the microbial activity on the reed litter were assessed seasonally over a year in each sampling site. Half of the litterbags were protected from animal colonisation and used to determine the mass loss due solely to microbial activity and abiotic factors. The benthic detritivores colonizing the remaining litterbags were collected and sorted by their functional group. Microbial respiration on protected and unprotected litterbags and the sediment organic content were measured at each sampling site and related to litter mass loss. Comparisons of mass loss and microbial oxygen consumption between protected and unprotected litterbags indicated that leaf processing was affected by the grazing activity of detritivores on microflora. Hydrological conditions and the potential litter distribution influenced detritivore occurrence which, in turn, controlled the litter processing. The observed between-site variance in the reed mass loss showed that, beside the rate, spatial variation is an important process feature in the habitat description. Geostatistics based on either the average values or the temporal variation of the mass loss rate provided 2 different, statistically validated lake topographies. However the latter was more convenient for outlining site differences within the lake. The extent of reed cover along the shore, as well as variable freshwater and nutrient inputs, determined the intra-habitat variability. We suggest an index (RL), integrating 3 critical factors for the allochthonous detritus processing (i.e. distance, sinuosity, and plant cover of the shore), as an indirect estimate of the rate of detritus mass loss. This can facilitate the approach to the functional geography of aquatic ecosystems.
INTRODUCTION
Landscape ecology considers habitats to be homogeneous basic patches. However, habitats are not functionally homogeneous and their inner complexity needs to be incorporated into simulation models to optimize land-use management (Li & Reynolds 1994 , Turner et al. 1995 . Many current models of landscape management deal with variation at the population level, often neglecting processes which characterize ecosystems and reflect their functions (e.g. productivity and decomposition, Turner 1989) . Conversely, describing the intra-habitat pattern of ecosystem processes is crucial for evaluating the environment's functional heterogeneity, because these processes integrate biotic and abiotic changes, showing different spatial and temporal patterns as the scale of observation changes (Watt 1947 , Levin 1992 , Li & Reynolds 1994 .
Detritus is a major source of energy for many ecosystems and, among ecosystem processes, detritus decomposition largely contributes to the metabolism of shallow waters. Decomposition is a complex process that occurs through different phases and depends on many environmental factors. The roles of microbial and animal communities as well as all physical factors have been emphasized by several studies (e.g. Valiela et al. 1985 , Webster & Benfield 1986 , Mann 1988 . The decomposition rate is also influenced by the quality and concentration of the biochemical substrate (sensu Saunders 1980) , which vary on spatio-temporal scales, depending on the riparian vegetation cover (Cummins et al. 1989) , the main source of allochthonous input for shallow waters. Hence, to predict the space-time variation of decomposition within a habitat, the role of timing, quantity, and spatial distribution of the detritus input source needs also to be considered.
The present work is focused on intra-habitat variation of leaf mass loss during decomposition in a coastal brackish lake. We studied the 30 d mass loss of Phragmites australis litter and the litter colonizers across Lake Alimini, which is located along the southeastern Italian coast. We investigated the relationships between the reed mass loss and the habitat heterogeneity, due to salinity, sediment type, distance from shore, and shore vegetation cover and sinuosity. The field sampling was designed to determine the spatial distribution of the mass loss rate of the most common macrophyte as well as the role of microorganism-animal interactions in this process. Geostatistical analysis was used to obtain the most probable maps of the processing rate, in the search for a new functional geography of water ecosystems based on the intra-habitat spatial and temporal variation of an ecosystem process.
MATERIALS AND METHODS
Study habitat. The study was carried out in Lake Alimini, a coastal brackish lake located in southern Italy on the Adriatic Sea (40°11' 26.52" to 40°13' 12.72" N, and Cyperus longus L. dominate (Macchia 1967 , Marano et al. 1974 . Phragmites australis is also concentrated along the northwestern freshwater channel, which is often affected by drought. Plant detritus, mainly represented by Phragmites litter, is the most important energy input for the lake. However, the reed distribution varies around the lake (Fig. 1) , and the ratio of the length of shoreline to the area of the water body differs between the northern and southern halves of the lake (9.20 vs 7.05 km/km 2 ). This suggests a greater riparian impact on the water body in the former than in the latter. The widest vegetated areas, covered by Phragmites, are located in the northern swamps and close to the main northern freshwater input (8.05 and 4.52 hectares, respectively). On the whole, the perimetric reed thicket cover is considerably higher on the northern side than on the southern one (vegetatedunvegetated shoreline ratio: 0.935 vs 0.256), causing heterogeneous litter distribution along the lake belt. Lake Alimini is used as an extensive aquaculture basin to rear commercially valuable fish such as Dicentrarchus labrax (L.), Sparus aurata L., Anguilla anguilla (L.) and Mugil cephalus L. It is also an important natural reserve for bird species since it is located on one of the main migratory routes. Tourist activities are substantial during the summer.
Sample collection and detritus processing assessment. Twenty sample sites were chosen on a 400 m 2 grid taking into account 4 sources of environmental variation: reed distribution, salinity, depth, and sediment type. Some sites were located within or on the edge of the reed thicket at 15 to 40 cm depth (Fig. 1) . In the present paper we report data collected seasonally from June 1995 to May 1996.
Samples of the upper sediment layer (5 cm thick) were collected at each site every 2 mo. The assessment of the grain size was carried out by sieving, using sieves with mesh sizes of 1 and 0.5 mm. The percentage of organic matter (% ash-free dry mass) in the 2 sediment fractions was determined after ignition in a muffle furnace at 500°C for 6 h to prevent the loss of carbonate (Rosa et al. 1994) .
The processing of dead leaves of Phragmites australis was studied measuring mass loss from litterbags (Bocock & Gilbert 1957 , Petersen & Cummins 1974 ), a technique that we have already utilized in freshwater, brackish and marine environments (Rossi et al. 1987 , Fazi & Rossi 1996 . Standing dead leaves were collected in January 1995 from the senescent plants, sorted for age and stored until use. Ten cm long brown leaf fragments were oven-dried at 60°C for 72 h and weighed to the nearest 0.001 g. Thirty litterbags (each containing 2 ± 0.001 g dry mass leaves) for each of the 20 sites were prepared every season; one half (15) were protected with a nylon mesh of 0.1 mm to prevent colonization by benthic invertebrates. The litterbags were then randomly placed at each sampling site on the lake bottom to simulate the natural heaps of detritus. After 10, 20, and 30 d of submersion, 5 protected and 5 unprotected litterbags per site were carefully collected by hand, to prevent vagile invertebrates from escaping, and placed separately in polyethylene bags. Sample collection at the deepest sites was carried out using SCUBA. In the laboratory, macroinvertebrates associated with each unprotected pack were gently washed and observed under a microscope, then sorted according to taxon, size, and functional role (sensu Cummins 1974) , and then enumerated. The functional role of macroinvertebrates was assigned according to published reports of trophic habits (Riedl 1991) . Three unprotected and 3 protected litterbags per sampling were used to evaluate detritus mass loss. The dry mass (at 60°C for 72 h) and the ash content (after ignition in a muffle furnace at 500°C for 6 h) of each litterbag and each associated animal species were determined to assess the ash-free dry mass (AFDM). The remaining litterbags were used to assess both the density and respiration activity of leaf-colonizing microflora. Twenty leaf discs (0.5 cm in diameter) per litterbag from each site were incubated in a moist chamber for 4 d at 18°C; then the percentage of leaf discs with sporulating fungi Table 1 . Nutrient concentration (mean ± SD) in Lake Alimini during the experimental study (see Fig. 1 for the site location). Data collected by Magazzù & Vadrucci (pers. comm.) was determined. The microbial oxygen demand was determined on leaf fragments. These were gently washed to remove sediment and placed, tied with a sterile nylon thread, in 250 ml Winkler bottles filled with water from the sample sites, previously sterilized by filtration and O 2 saturated. Control bottles were similarly prepared with autoclaved fragments from the same litterbag. All the bottles were held in the dark for 3 h at the temperature recorded in the sites. Then, to avoid chemical interference with Winkler reagents (Fazi & Rossi 1996 ) the fragments were carefully removed by the thread from the bottles before oxygen fixation. The leaf fragments were oven-dried and weighed. The amount of O 2 consumed was obtained as the difference from the control oxygen content and referred to leaf unit mass. The measures were made on 3 replicate leaf fragments from each litterbag. Salinity, temperature and dissolved O 2 were determined in all sample sites at noon by means of field instruments. Riparian morphometry and vegetation cover (reed thicket) were checked both by field observations and on the existing small scale (1:1000) topographic and thematic maps.
Data analyses. Decomposition: The fit of 2 classical decomposition models (Carpenter 1982) to the data was determined by regression analysis between remaining detrital AFDM and time.
(1) Exponential model:
where M 0 is the initial leaf mass, M t is the remaining AFDM at the time t (in days) and k is the decomposition coefficient expressed as d -1
. The half-life is expressed as ln(2)/k (time necessary for the reed leaf mass to decrease to 50% of its initial AFDM, from the exponential model) (Olson 1963 , Gallardo & Merino 1993 .
(2) Composite exponential:
where R is the mass of the refractory part of detritus and L is the labile one (Lousier & Parkinson 1976) . KR and KL are the respective decomposition coefficients. One hundred and sixty mass loss equations (20 sites × 4 seasons × 2 treatments) were obtained from the model giving the best fit to the collected data. Differences were verified by ANCOVA after log-transforming data.
Differences in both environmental and detritus processing parameters among sample sites were verified by 1-way ANOVA. A 2-way ANOVA was applied to detect differences among treatments (protected and unprotected litterbags) or seasons.
The temporal variability of decomposition coefficient, half-life time, and sediment organic matter were expressed as the coefficient of variation: CV = (SD/ mean)*100. A variance-ratio test was used for variability comparisons (Zar 1984) .
Animals and sediments: Similarities of animal abundance and sediment organic contents among sites were determined by farthest neighbor cluster analysis on Euclidean distance matrices. A K-means clustering was performed for the statistical validation by 1-way ANOVA.
Riparian features: To obtain a measure of the potential riparian influence on the water basin, we subdivided the lake perimeter into 100 segments (95 m long being the maximum segment length showing the best accuracy of sinuosity measure on available topographic maps) and used the following formula, hereafter called 'RL' index: where N = number of segments closer to the sampling site than to adjacent sites, L rl = real length of segment L (in this case it is 95 m), L dl = linear distance between the 2 extremities of segment L, Dl = minimum distance from the sampling site to segment L, L c = number of reedcovered segments among the N segments, L r = number of reed-uncovered segments among the N segments.
The formula took into account 3 major shoreline characteristics crucial for allochthonous detritus processing, namely distance of site from the shoreline, sinuosity and vegetative cover of the shoreline segments involved. The L rl /L dl ratio indicates the degree of water-land interactions due to sinuosity, whereas the L c /L r ratio indicates the potential allochthonous detritus input due to the reed cover along the coastline segment involved. Relative to a sampling site, the 'RL' index is high when the distance of site from the shoreline is small, and both the percentage of reed cover and the sinuosity high.
Mapping: Geostatistics were used as quantitative tool for evaluating the spatial variation of variables, i.e. at which extent variables measured close to one another were more similar than those measured farther away. The degree of spatial autocorrelation among sample points was defined by semivariogram models, which were obtained by plotting the semivariance (the average degree of similarity between the values recorded in pairs of sample points separated by a lag distance) against the geographic distance between sample points, h.
The semivariance was calculated as:
where x i is the value of the variable being studied at Point i, and x i +h is the value of the same variable at a
is the number of point pairs which are h units apart. In this equation the semivariance is a function of h and contains information about processes occurring on different scales (Rossi et al. 1992) . The semivariance generally increases with increasing distance, and it is inversely related to the spatial autocorrelation of the variable. Two important components of the semivariograms are the 'nugget variance' and the 'range'. The 'nugget' exists when g (0) is not equal to zero and the model fitting the semivariance is not constrained to go through the origin. The 'nugget' has been interpreted as the variability of the study process within a sampling unit and may be due to the sampling design error relative to the discontinuous nature of the process in space. The 'range' is the sampling distance between points where the semivariance reaches its maximum value. The semivariogram asymptotically approaches this maximum, and it represents the distance beyond which the spatial autocorrelation in the study process is zero. The range can be used to identify patterns of spatial independence when the process has a constant mean across space.
The significant interpolated maps were obtained by kriging algorithm (Matheron 1963 ), a geostatistical gridding method which attempts to express trends that are suggested in data, so that high points might be connected along a ridge, rather than isolated by bull'seye type contours. A cross validation was conducted to compare the estimated and observed values for the statistical verification of the interpolation model. Semivariograms as well as kriged maps were obtained using the GEO-EAS software developed by EPA (Environmental Protection Agency, Englund & Sparks 1988) .
RESULTS

Reed mass loss and detritus colonizers
The mass loss during the 30 d of submersion showed the best fit with the Olson (1963) exponential model of decomposition. Differences in the rate were observed among seasons (2-way ANOVA, p < 0.001 among seasons). The reed half-life was longer in winter-spring (December to January and March to April) than in summer-fall (June to July and September to October). In particular, the winter and fall collections showed the longest and the shortest half-lives, respectively (Table 2) . We also observed significant differences between protected and unprotected litter bags: both the annual mean (2-way ANOVA, p < 0.01 among treatments) and the seasonal variation, expressed as CV% (Variance ratio-test, p < 0.0001), of the reed half-life were longer in the protected leaf packs than in the unprotected ones (Table < 3 ). In summer-fall, however, the half-life was shorter in the protected leaf packs than in the unprotected ones (Table 2) . Thirty-four invertebrate taxa were found on the unprotected litter bags. Most animals were detritivores: 6 taxa were collectors, whereas 4 and 12 taxa were represented by shredders and scrapers, respectively (Table 4) . A variety of scraper and collector species exhibited erratic seasonal patterns of variation, whereas the density of the most abundant scraper species, as well as all the shredders, was mainly related to the season and the site. Filter feeders and predators were not common in the bags. On annual average, the reed half-life significantly declined with the increasing abundance of shredders and scrapers across the lake (y = 71.28 -1.04x, r 2 = 0.46, p < 0.01); the other functional groups were not significantly related to leaf decay.
Microbial oxygen demand was related to the reed half-life (Fig. 2) Table 2 . Remaining leaf mass (average ± SD; n = 20 sample sites) in unprotected (UP) and protected (P) litterbags during the 4 study seasons after 10, 20 and 30 d of submersion (significance of 1-way ANOVA among sites in brackets, ns = not significant). The starting AFDM is 1.83 g. The seasonal half-life time (average ± SD; n = 20 sample sites) is also reported leaves protected from the detritivores showed that oxygen demand was positively related to both the reed mass loss (y = 10.52lnx + 27.82, r 2 = 0.55, p < 0.001) and the percentage of fungal colonization (y = 55.67x 1.07 , r 2 = 0.29, p < 0.05). A detailed analysis of fungi and detritivore-fungi interactions will be reported elsewhere (Rossi & Costantini unpubl.) . The protected litter bags consumed more oxygen than the unprotected ones in summer-fall (t-test, p < 0.01), while the difference was not significant in winterspring (Fig. 2) . Furthermore, in summer-fall the oxygen demand measured on the unprotected litter bags declined as the total abundance of shredders and scrapers increased (y = 1.39 -0.17log x; r 2 = 0.30, p < 0.05).
Intra-habitat variations
The spatial dependency for all the measured variables was analyzed but, though most of them showed high spatial variability, only 4 (the annual mean and the seasonal variability of the animal-colonized reed half-life; salinity; and dissolved oxygen) gave significant spatial patterns and statistically validated maps (Table 5, Figs. 3 to 6).
Decomposition
Mass loss from the unprotected litter bags started showing significant spatial variability after 10 d of immersion, when it amounted to more than 11 to 21% of the initial mass ( Table 2 ). The rate of leaf breakdown varied across the lake in every season (ANCOVA F-test, p < 0.05), but the spatial heterogeneity of the reed half-life was significantly higher in summer-fall than in winter-spring (CV = 20.5% vs CV = 11%; variance ratio-test, p < 0.01).
The analysis of the spatial variance pointed out the statistically significant autocorrelative structure of the half-life time within the study area. The semivariogram of the mean annual values gave a regularly increasing variance up to a distance lag of 660 m (range), which roughly corresponds to one-fifth of the lake length (Fig. 3, Table 5 ). The map showed the patchy structure of the process with the highest half-life time in the central area, equidistant from freshwater and seawater inputs (Fig. 4) . However the values decreased at a higher rate northwesterly than southwesterly. No spatial structure was observed for the decay of the reed protected from the detritivore colonisation.
Semivariance calculated on the seasonal variability (as CV%) increased with the distance classes, having a 'range' of 37 000 m (Fig. 3, Table 5 ). As a result, process variability had a monotonic, not patchy, trend across the lake with the highest values in the northwestern corner. Variability dropped to one half over the 400 m toward the lake center and to one third over the 2400 m to the southern end of the lake (Fig. 5) . The grid-point facing the northwestern freshwater input (Site 9) was the most variable during the year among ). The lake sites are ordered from south to north (see Fig. 1 all the study sites, having the slowest decay rate in winter. The widest homogeneous area of variability was located in the lake center. The semivariogram showed high nugget effect (i.e. the variance was high at distance (lag) 0; Rossi et al. 1992) , which accounted for the highest rate of spatial change among all the variables under study.
Riparian influence A significant inverse relationship between the unprotected reed half-life and the 'RL' index was found (Fig. 7a) . By contrast, the process seasonal variability increased with the index (Fig. 7b) . This means that as reedcover, sinuosity, and vicinity of the site to shoreline increased, the reed half-life time decreased, but its seasonal variability increased. When considering the single variables of the index (distance, sinuosity and reed-cover), both decomposition variables (mean annual half-life and its CV%) showed only weak correlations with the reed-cover (r = -0.47 and r = 0.52, p < 0.05). No relationships between the half-life of the protected litter bags and the index or its single component were found.
Sediment organic matter
The organic matter content of sediments varied among sites (1-way ANOVA, p < 0.0001). The mean annual percentage was 8.24 ± 1.58%, but 2 groups of sites with very different mean values could be distinguished ( Fig. 8a; ) for the variables with significant autocorrelation and spatial map. All models fit the Gaussian curve (Gaussian model: g(h) = C 0 + C (1 -e -h 2 /a 2 ), where h = separation distance and a = spatial range). C 0 = nugget variance, C/(C 0 + C) = structural variance, C, expressed as a proportion of model sample variance; range = distance over which the structural variance is expressed. See  Fig. 4 for variograms the organic matter (64.75 ± 2.75%) was found in the finest size-fraction with particle diameter less than 0.5 mm, but it was differently distributed among sizegrades in the 2 different groups of sites. In fact, in the first group the finest fraction accounted for 91.50 ± 2.09% of the total organic deposition, while it was only 55.02 ± 2.80% in the second one. Despite the differences observed among sites, patterns did not show significant spatial structure (i.e. the variance between pairs of sampling sites was not related with their spatial distance). Organic matter also varied seasonally, yet the highest variability was measured in the northern area (CV was, on average, 61.85% for Sites 8, 9, 10, 11, 17, and 18 and 29.19% for the remaining sites).
The percentage of organic matter and reed half-life time were positively related (r = 0.65, p < 0.01).
Abiotic factors
Salinity and dissolved oxygen were spatially structured as shown by semivariograms and maps (Figs. 3 &  6a,b) . The 'ranges' were 176 and 680 m, respectively (Table 4) . Depending on freshwater and marine influences, salinity varied from 5 to 41 ‰ during the year, with the greatest seasonal variability in front of the freshwater inputs, especially the southern one (Table 6 ). By averaging all the sampling dates, the highest rates of spatial change were observed in the sites close to the main northern tributary and to the marshy area, while freshwater from the southern reserve exerted its influence on a wider, more homogenous, area (Fig. 6a) . Dissolved oxygen was also unevenly distributed, and reached the lowest average values in the northern area (Fig. 6b) . Its seasonal vari- , r 2 = 0.37, p < 0.01).
Salinity and dissolved O 2 were positively related to the mean annual half-life time of the unprotected packs (y (salinity) = 0.72x + 43.73, r 2 = 0.25, p < 0.05; y (oxygen) = 7.01x + 3.97, r 2 = 0.33, p < 0.01). Such relationships were not found for the protected packs.
Water temperature varied seasonally ranging from 26°C in summer and 13°C in winter, but neither significant difference among sites (1-way ANOVA, ns) nor spatial structure were found. Consistently, reed decomposition was not significantly related with the temperature on the spatial scale.
Detritivores
The total animal mass temporally increased with the temperature in accordance to the animal abundance (y mass = 0.32x t°C + 2.92, r 2 = 0.12, p < 0.01). The highest mean annual abundance of shredders and scrapers was found in sites close to the main freshwater inputs, while the lowest was in the lake center (Table 3 ). In the littoral sites, the abundance also varied with the percentage of shoreline reed-cover (r = 0.67, p < 0.01). Yet distribution was not significantly, spatially structured, though related to dissolved O 2 (r = -0.74, p < 0.001), salinity (r = -0.46, p < 0.05), and sediment organic content. In particular, shredders and scrapers significantly declined with the organic enrichment in the bottom depositions, while collectors increased (r = -0.51 and r = 0.55, p < 0.05, respectively). Cluster analysis based on functional group abundance and organic matter data gave similar patterns of site association (Fig. 8b) . 
DISCUSSION
Leaf mass loss
Classical studies on decomposition have generally been carried out for longer periods of observation than ours (e.g. Post & de la Cruz 1977 , Valiela et al. 1985 . However, in our latitudes a considerable part of leaf mass is lost within a few weeks from immersion, while leaching occurs during the first days (Short et al. 1980 , Webster & Benfield 1986 ). In Lake Alimini, leaf mass loss became significantly different among sites after 20 d of submersion, and the 30 d immersion was largely sufficient to assess the decomposition pattern.
One-month mass loss data fitted the classical exponential model allowing us to use half-life time as an intuitive measure of decomposition rate, and to have statistically significant differentiation. Since water temperature did not vary significantly across the lake, we did not perform degree-day transformation of data so as to deal with the actual leaf mass losses. Mean Phragmites australis half-life time varied from 55 to 60 d at the northern and southern areas of the lake to 70 to 75 d in the central area and on the seaward side of the lake. The values are consistent with those obtained in brackish Mediterranean environments (Fazi 1994 ) and assign P. australis to the 'fast decomposition resource' category according to Petersen & Cummins' classification (1974) . Similar studies conducted in various freshwater habitats reported slower decay rates than those assessed in the present study (Mason & Bryant 1975 , Polunin 1982 , Tanaka 1991 . Faster decomposition may be ascribed to the mild annual temperature of the mid-Mediterranean area. Differences could also stem from the experimental treatment of the leaf material (Newell 1996) . For example, P. australis may undergo an initial colonization by aeroaquatic fungi, which influence decay dynamics once underwater. Therefore, the absolute value of the decay rate might be altered because of the oven drying before use, but this did not betray the aims of our study, which was a comparative one. The age of leaves may also influence the decomposition rate (green leaves lose mass faster than old ones). The high spatial heterogeneity reported in the present paper, however, was not imputable to the leaf material, which was homogeneous at the start of the study.
Both salinity and dissolved O 2 were inversely related to the reed mass loss, but no obvious mechanisms for this effect were evident. We may suppose that their influence on the process was mediated by animals since none of them affected the mass loss of protected litterbags. Furthermore, salinity was significantly related to the detritivore abundance. Dissolved O 2 was higher in open water, where decomposition was slower, but was likely controlled by environmental factors others than oxygen concentration (e.g. low detritivore occurence). Little evidence of the influence of salinity and O 2 has been available from the literature (see Webster & Benfield 1986 for a review). Salinity affected decomposition in vitro (Suzuki & Matsukawa 155 Fig. 8 . Clusters of sample sites based on (a) sediment organic matter and (b) abundance of detritivores belonging to the functional groups reported in Table 4 1987), but results were inconsistent in the field. No apparent effect of dissolved O 2 both in the field and lab has been found.
Direct influences of chemicals from the adjacent agro-ecosystem on detritus processing were not determined in this study. Laboratory studies on nutrient effect on leaf decomposition have nearly always demonstrated rapid leaf mass loss when nutrient availability was great (Webster & Benfield 1986 ), but effects have been variable in the field.
Microorganism-detritivore interactions
Whenever the decay rates have been examined on site scale, the variance has been explained by changes in microorganism-animal interactions (e.g. Basset & Rossi 1984 , Menendez et al. 1989 . In Lake Alimini, mass loss increased with detritivore abundance. Nevertheless, the influence exerted by detritivores on leaf processing was complex. In summer-fall protected litterbags decayed faster than the unprotected ones. The reverse occurred in winter-spring when both animal abundance and, thus, feeding were lower. Mass loss from protected bags was mainly due to the enzymatic activity of microorganisms that colonized the vegetal detritus. Detritivores feed on the microbial-colonized detritus (Odum & de la Cruz 1967 , Rossi et al. 1983 , Rossi 1985 , causing a reduction of the microbial community mass (Barlocher 1980 , Newell & Barlocher 1993 . Reduction in the mass loss of unprotected leaves with respect to the protected ones should, therefore, be ascribed to the animal overgrazing on microflora. In summer-fall we recorded a decrease in the microbial O 2 uptake on the reed packs grazed by animals, in accordance with Maraun & Scheu (1996) . Moreover, O 2 demand of unprotected leaves declined with increasing macrodetritivore abundance, consistent with the hypothesis of microflora reduction due to overgrazing. Therefore, while accelerating decomposition at intermediate abundance, detritivores seem to overgraze microbes at very high densities, thus reducing the potential decomposition rate (measured by the protected litterbags). The results are consistent with data from studies on terrestrial systems which showed that, when the detritivore density was maximized, microbial respiration was less than control values (Hanlon & Anderson 1980) .
The interactions between detritivores and microflora are likely to determine the low temporal variability that characterizes the decomposition process. In fact, mass loss from the protected litterbags experienced very wide seasonal fluctuations, mainly determined by microbial activities which are sensitive to changes of climatic and chemical factors. Seasonal variability significantly decreased when the presence of detritivores was allowed.
Spatial patterns
Reed decomposition changed more rapidly on both spatial and temporal scales in the northern area of the basin than in the southern one. The central area was characterized by the slowest leaf mass loss as well as intermediate values of mass loss seasonal variability. Both decomposition variables (half-life average and CV), in addition to salinity and dissolved O 2 , were spatially autocorrelated, whereas other variables were not spatially structured. In particular, animal abundance varied between sites, relating to many environmental factors, but it would have probably required a smaller sample grid than that considered in this study. In fact, the patchy distribution of populations can be caused by population processes such as migration, reproduction, and mortality, which occur on scales smaller than those of ecosystem processes. In spite of scale differences, however, the reed mass loss from the unprotected litterbags and the detritivore abundance were related across the lake. In the absence of animals, leaf mass loss did not show any spatial structure. Since water temperature varied rather evenly across the lake according to climatic seasonal fluctuations and did not produce any effect on decomposition spatial change, the intra-habitat heterogeneity could be mainly attributed to the influence on biota of hydrodynamics as well as the timing and amount of potential litterfall from the adjacent habitats.
Hydrodynamics not only affect many abiotic factors (such as dissolved O 2 and salinity) but, together with the litterfall, they are also responsible for the heterogeneous litter distribution within the lake (see also Reice 1974 , 1977 , Snelgrove & Butman 1994 . It has been demonstrated that less than 10% of leaf litter moves more than 10 m from the shoreline, and only a part of the finer particles are transported towards the open waters, where also algal detritus accumulates (Davis & Brubaker 1973 , Carpenter 1980 , Pieczynska 1990 , Rossi et al. 1990 ). In littoral areas, hydrodynamics are influenced by the shoreline sinuosity. Recesses are characterized by low water turbulence and high accumulation of allochthonous detritus, and provide refuges and foraging areas for detritivores. The quality and amount of litterfall, and the organic matter distribution, in turn, determine specific animal assemblages (Vannote et al. 1980) . In Lake Alimini, the relative abundance of detritivore functional groups, which use different detrital particle sizes, changed according to sediment grain size and organic content. Animals colonizing litterbags in muddy, organic-rich areas mostly belonged to the collector functional group, which does not perform leaf fragmentation. The decrease in shredder abundance reduced the rate of leaf breakdown, thus probably causing organic matter to pile up in sediments (see also Rounick & Winterbourn 1983 , Canfield 1989 . The low decomposition rate of detritus indicates the 'weak spots' of the aquatic system metabolism, namely those patches which may cause alterations to the lake nutrient regeneration (Rapport et al. 1985 , Rapport 1989 .
We also found that shredders and scrapers were not abundant close to the littoral Phragmites australis-free areas. Reed cover, together with littoral sinuosity, and the closeness of the sampling site to the shore, was related to the significant spatial structure of the process. The 3 variables seem to synergistically influence the decomposition rate, since the half-life of P. australis correlated more strongly with the 'RL' index than with each single index component.
Spatial patterns were even more definite when the temporal variability of the process was considered. Sample grid-points being equal, spatial differentiation in 'processing variance' was greater than in 'processing average' (see semivariograms). The northern area of the lake experienced higher temporal variability than the southern one; furthermore, the higher the temporal variation, the higher the rate of spatial change. Similar trends were found in the seasonal variability of organic deposition on the lake bottom. The northern area was more exposed to riparian influences and, thus, more subject to input variation from adjacent habitats. In fact, the ratio of the length of shoreline to the area of water body was higher on the northern side than on the southern one. Temporal change in macrophyte occurence may also have had a major effect on the northern littoral zone where Phragmites australis covered a great part of the shoreline. In addition, a vast area on the northern side of the lake was characterized by aperiodic flooding, which caused great changes in the riparian profile (sinuosity and average shoreline gradient) and, consequently, in the amounts of decomposing plant litter. Floods and intermittent inputs of rainy waters with associated chemical loads from agricultural activities, substantial in the neighboring territory, may have contributed to the sharp gradient of the process variability observed at the northern side. By contrast, though related to highly variable physico-chemical conditions (in particular, dissolved O 2 and salinity), greater and more predictable freshwater inputs from the southern water reserve did not alter markedly the temporal patterns of processing in this area.
The observed between-site variance in decomposition rate shows that, in addition to the rate, spatial variation is an important process feature in the habitat description; this also leads to reconsideration of the role of intra-habitat spatial heterogeneity in establishing the functioning of a complex ecosystem. Habitat patches with different isopleth density may have different speeds of perturbation propagation, as does aggregation of susceptible habitats in landscape . Moreover, patches characterized by denser isopleths of temporal variability can also turn out to be more difficult to manage than others.
Conclusion
Spatial analyses allow us to identify system processing 'hot spots'. Therefore, in spite of the increasing application of geostatistical techniques to ecological research (Rossi et al. 1992 , Johnston 1993 , Villard & Maurer 1996 , greater importance should be given to the mapping of ecosystem functions such as decompo-sition rates. Spatial process variability should be considered in simulation models and vulnerability assessment, especially when addressing environmental management. However, since environmental characteristics change locations of boundaries through time (Wiens et al. 1985) , process measures including temporal variation may be extremely useful in changing habitats.
As spatial and temporal changes in shallow waters are influenced by external inputs, we propose an index ('RL' index), which takes into account the percentage of plant cover, coastal sinuosity, and distance from the shoreline, to indirectly estimate the rate of allochthonous mass loss. In this perspective, low-elevation multispectral remote sensing might be helpful to determine the relative vegetation cover and the fractal dimension of the basin belt. Such information, together with climate data, would allow a quick evaluation of the most probable spatial pattern of the decomposition rate in aquatic systems.
